We construct the mean thermal Sunyaev-Zel'dovich (tSZ) Comptonization y profile around Luminous Red Galaxies (LRGs) in the redshift range 0.16 < z < 0.47 from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7) using the Planck y map. The mean central tSZ signal for the full sample is y ∼ 1.8 × 10 −7 and we detect tSZ emission out to ∼ 30 arcmin, which is well beyond the 10 arcmin angular resolution of the y map and well beyond the virial radii of the LRGs. We compare the measured profile with predictions from the cosmo-OWLS suite of cosmological hydrodynamical simulations. This comparison agrees well for models that include feedback from active galactic nuclei (AGN), but not with hydrodynamic models without this energetic feedback mechanism. This suggests that an additional heating mechanism is required over SNe feedback and star formation to explain the y data profile. We also compare our results with predictions based on the halo model with a universal pressure profile (UPP) giving the y signal. The predicted profile is consistent with the data, but only if we account for the clustering of haloes via a two-halo term and if halo masses are estimated using the mean stellar-to-halo mass (SHM) relation of Coupon et al. (2015) or Wang et al. (2016) estimated from gravitational lensing measurements. We also discuss the importance of scatter in the SHM relation on the model predictions.
INTRODUCTION
In the standard ΛCDM cosmological paradigm more than 95% of the energy density in the Universe is in the form of dark matter and dark energy, whereas baryonic matter only comprises 5% (Hinshaw et al. 2013; Planck Collaboration et al. 2016a) . While the evolution of the homogeneous Universe and of small density perturbations is well understood, the details of the complicated structureformation process that results in the observed distribution and properties of galaxies are more elusive. The general picture is that galaxies form at the knots of a dark-matter skeleton, but the details E-mail: hideki.tanimura@ias.u-psud.fr of how gas is converted into stars, and how the electro-magnetic spectrum of a galaxy arises, are not known. One important tracer of cosmological structure are clusters of galaxies, which are the most massive bound structures and which mark prominent density peaks of the large-scale structure. The distribution and properties of galaxy clusters are therefore powerful tools for understanding both cosmological structure formation and galaxy evolution.
X-ray observations of clusters have discovered that they are intense sources of high-energy radiation that is emitted by a hot gas (T ∼ 10 7 K) located between member galaxies. This intergalactic gas (or intracluster medium, ICM) contains significantly more baryons than are contained in all the stars in the galaxies and indicates a complex dynamical evolution of the ICM regulated by the radiative cooling and non-gravitational heating from active galactic nuclei (AGN). AGN feedback has a wide range of impacts on galaxies and galaxy clusters: the observed relation between the central super-massive black hole mass and stellar bulge velocity dispersion, the regulation of cool cores, and the suppression of star formation in massive galaxies predicted by N-body simulations (e.g., Schneider 2006; Gitti et al. 2012) . Thus, the interplay of hot gas with the relativistic plasma ejected by the AGN is key for understanding the growth and evolution of galaxies and the formation of large-scale structure. It has become clear that AGN feedback effects on the ICM must be incorporated in any model of galaxy evolution (e.g., Sijacki et al. 2007; Battaglia et al. 2010; Schaye et al. 2010; Vogelsberger et al. 2013; McCarthy et al. 2014; Steinborn et al. 2015) . However, non-gravitational processes such as gas dynamics, heating and radiative cooling are not well understood. If one is interested in studying the effect of non-gravitational processes specifically then galaxy groups and low-mass clusters are ideal laboratories since they have shallower gravitational potentials compared to massive clusters and therefore the impact of non-gravitational processes on their formation and evolution may be more noticeable (e.g., Johnson et al. 2009; Dong et al. 2010; Giodini et al. 2010; Battaglia et al. 2012; Le Brun et al. 2014) .
In addition to X-ray emission, the thermal SunyaevZel'dovich (tSZ; Zeldovich & Sunyaev 1969; Sunyaev & Zeldovich 1970 , 1972 , 1980 effect provides a way to study hot cluster gas. The tSZ effect arises via a boost to the energy of cool CMB photons as they pass relatively energetic hot electrons and provides an excellent tool for studying the thermodynamic state of the ICM. The tSZ effect has a linear dependence on gas density, while X-ray emission is quadratic in the variable. The quadratic dependence of X-ray emissivity means that X-ray sensitivity is significantly lacking in the low-density regions around low-mass haloes while the linear response of the tSZ effect ensures comparatively increased sensitivity in low-density regions. However, the measurement is challenging due to the relative weakness of the signal and the low resolution of available tSZ maps: The Planck satellite provides a reliable map of tSZ emission with the full-sky coverage and high sensitivity (Planck Collaboration et al. 2016b ) but with only moderate resolution (10 arcminute beam).
Luminous red galaxies (LRGs) are powerful tracers of the large-scale structure of the Universe. These early-type, massive galaxies, selected on the basis of color and magnitude, have mainly old stellar populations with little ongoing star formation. LRGs typically reside in the centres of galaxy groups and clusters and have been used to detect and characterize the remnants of baryon acoustic oscillations (BAO) at low to intermediate redshift (Eisenstein et al. 2005; Kazin et al. 2010; Anderson et al. 2014) .
Planck Collaboration et al. (2013b) detected the tSZ signal from low-mass haloes as low as M h ∼ 2 × 10 13 M by stacking the Planck tSZ map around locally brightest galaxies (LBGs) constructed from SDSS DR7 galaxies. Vikram et al. (2017) and Hill et al. (2018) cross-correlated the Planck tSZ map with the SDSS DR4 and DR7 group catalogue from Yang et al. (2007) respectively and measured the tSZ signal with high signal-to-noise over a wide range of objects with M h ∼ 10 11.5−15.5 h −1 M . Surprisingly, Planck Collaboration et al. (2013b) found that the scaling relation between the integrated tSZ signal and mass follows a simple self-similar relation down to halo masses as low as M h ∼ 2 × 10 13 M , apparently indicating that non-gravitational effects are minor even in low-mass haloes. A consistent result was derived by Greco et al. (2015) using aperture photometry, as opposed to the matched filter technique employed in the Planck Collaboration et al. (2013b) study. These results effectively imply that the gas fraction is approximately independent of halo mass over the large range of halo masses sampled. However, direct resolved X-ray observations of galaxy groups and clusters (e.g., Gastaldello et al. 2007; Pratt et al. 2009; Sun et al. 2009; Gonzalez et al. 2013) have consistently shown that galaxy groups are significantly deficient in their gas content compared to massive clusters. Using cosmological hydrodynamical simulations that include AGN feedback and which reproduce the properties of local X-ray groups and clusters, Le Brun et al. (2015) offered a possible solution to this conundrum. Namely, that the relatively coarse resolution of the Planck tSZ map effectively prevents a robust measurement of the tSZ flux on scales of < ∼ r 500 , which is the region the X-ray observations are generally confined to. Le Brun et al. (2015) demonstrated that they could recover the inferred self-similar result when the simulations were convolved with the Planck beam and analysed in the same way as the real data. The upshot of that study is that, when measured within r 500 , the gas properties (particularly the gas fraction) of groups and clusters are not self-similar. However, the self-similar scaling is recovered on larger scales, which are well sampled by Planck.
The studies mentioned above focused on the integrated tSZ flux within some aperture. However, with the advent of large, publicly-available tSZ maps, it is also possible to study how the tSZ signal (and therefore electron pressure) is spatially distributed around galaxies/haloes. Comparisons to models and simulations can then provide a potentially strong test of their realism and to deduce the importance of particular processes (e.g., gravitational shock heating vs. AGN feedback). The aim of the present study is to do just this. Specifically, we derive the stacked radial tSZ distribution, y(θ), around LRGs and we compare it to the predictions of cosmological hydrodynamical simulations and a simple analytic halo model that adopts the so-called 'universal pressure profile' (Arnaud et al. 2010; Planck Collaboration et al. 2013a ) with a significant contribution from nearby clustered haloes (i.e., the 'twohalo' term).
Throughout this work, we adopt a ΛCDM cosmology with parameters from the Planck Collaboration et al. (2014) data release. All masses are quoted in Solar mass and M ∆ is the mass enclosed within a sphere of radius R ∆ such that the enclosed density is ∆ times the critical density at redshift z.
This paper is set out as follows: In Section 2 we describe a model to predict the tSZ signal around LRGs. In Section 3, we summarize the data sets used in our analysis: the SDSS DR7 LRG catalogue, Planck y map and the cosmo-OWLS suite of hydrodynamic simulations. In Section 4, we employ a stacking method to measure the average structure around LRG haloes since the signal-to-noise ratio of the Planck y map is not high enough to trace individual haloes. Our result is compared with the cosmo-OWLS simulations, some of which include AGN feedback, in Section 5 and we compare to semi-analytical model predictions in Section 6. In Section 7, we discuss possible systematic errors in our measurements. Finally, we discuss the interpretation of our findings in Section 8 and summarize them in Section 9.
BASIC FORMALISM

The thermal SZ Effect
The tSZ effect is a distortion of the CMB spectrum produced by the inverse Compton scattering of CMB photons off hot electrons along the line of sight, e.g., by ionized gas in the ICM. The change to the CMB temperature, ∆T, at frequency ν in an angular direction ofn is given by
where k B is the Boltzmann constant, h is the Planck constant, and T is the temperature of the CMB. The frequency dependence of the effect is restricted to the pre-factor f , where
while the Compton y parameter contains the angular dependence. The Compton y parameter is proportional to the line-of-sight integral of electron 'pressure', P e = n e k B T e . Here n e is the physical electron number density and T e is the electron temperature. The line-of-sight integral is:
where σ T is the Thomson cross section, m e is the mass of electron, c is the speed of light and l is the physical distance. We ignore relativistic corrections to the tSZ spectrum (e.g., Itoh et al. 1998) , which are only important for the most massive clusters of 10 15 M .
The Stacked y profile
For the calculation of the stacked y profile, we follow the method in Fang et al. (2012) and work in the flat-sky and Limber approximation (Limber 1954) . The cross power spectrum for the tSZ signal and the distribution of galaxy clusters is given by the sum of a 'one-halo term', which counts correlation arising within an individual halo, and a 'two-halo term', which counts correlation arising due to the environment surrounding a halo (Komatsu et al. 2002; Cooray & Sheth 2002) :
The one-halo term is given by
where d 2 V/dzdΩ is the comoving volume element per redshift per steradian and dn/dM is the halo mass function (sometimes denoted n(M, z) in the literature; the comoving number density of haloes in a mass interval dM). We adopt the halo mass function of Tinker et al. (2008) and use 'HMFcalc 1 ' (Murray et al. 2013 ) for the calculation. In our work, we select haloes depending on halo mass and redshift. The selection function, S(M, z) defines the redshift and halo-mass range:
where Θ stands for the Heaviside step function. The average twodimensional angular number density of the selected haloes is calculated viā
1 http://hmf.icrar.org/ỹ (M, z) is the 2D Fourier transform of the y profile for a halo with a pressure profile P e (x, M, z), given bỹ
where
and where r s is the characteristic scale radius of the pressure profile, x = r/r s is the dimensionless radial scale, and d A is the angular diameter distance. s = d A /r s is the associated multipole moment. The two-halo term is given by
where P L m (k, z) is the linear matter power spectrum. The function
and
where b(M, z) is the halo bias. We take the halo bias from Tinker et al. (2010) . By summing the two-and one-halo terms together, the Fourier-transform of the stacked y profile, C yh , can be calculated.
In our work we are interested in comparing our model to the angular configuration space stacked y profile, which can be obtained from our model via an inverse Fourier transform:
where J 0 is the zeroth order Bessel function. Finally, we convolve our model with the point-spread function of the Planck beam
where B = exp[− ( + 1)σ 2 /2] and σ = θ FWHM / 8 ln(2) with θ FWHM = 10 arcmin, which corresponds to the beam of the Planck y map.
The universal pressure profile
For the electron pressure profile, we adopt the 'universal' pressure profile (UPP; Nagai et al. 2007) , which is a form of generalized Navarro, Frenk & White (NFW; 1997) profile,
Here, x = r/R 500 and we remind the reader that R 500 relates to 500 times the critical density. The model is defined by the following parameters: P 0 , normalization; c 500 , concentration parameter defined at a characteristic radius R 500 ; and the slopes in the central (x 1/c 500 ), intermediate (x ∼ 1/c 500 ) and outer regions (x 1/c 500 ), given by γ, α and β, respectively. The scaled pressure profile for a halo with M 500 and z is
with
where H(z) is the Hubble parameter at redshift z and H 0 = 100h kms −1 Mpc −1 is the present value. P 500 is the characteristic pressure reflecting the mass variation expected in a self-similar model of pressure evolution, purely based on gravitation (Arnaud et al. 2010 ). Deviation from self-similar scaling appears as a variation of the scaled pressure profile and, as in Arnaud et al. (2010) , this variation is expressed as a function of M 500 ,
where α p = 0.12. For the parameters of the generalised NFW electron pressure profile, we adopt the best-fit values of van Daalen et al. 2014; McCarthy et al. 2014) . We describe each briefly in the following subsections.
Luminous Red Galaxy catalogue
The LRG catalogue provides galaxy positions, magnitudes and spectroscopic redshifts. Stellar masses of the LRGs are provided in the New York University Value-Added catalogue (NYU-VAGC) 4 (Blanton et al. 2005) , which are estimated with the K-correct software 5 of Blanton & Roweis (2007) by fitting the five-band SDSS photometry to more than 400 spectral templates. Most of the templates are based on stellar evolution synthesis models of Bruzual & Charlot (2003) assuming the stellar initial mass function of Chabrier (2003) . The stellar masses in the NYU-VAGC catalogue are given in a unit of M h −2 and we take h = 0.671 from the Planck cosmology. Not all LRGs are central galaxies in massive haloes. Hoshino et al. (2015) find that, at a halo mass of 10 14.5 M , only 73% of LRGs are central, lower than the previous estimate of 89% obtained from correlation studies (Reid & Spergel 2009 ). To minimize the fraction of satellite LRGs in our sample, which could bias a central signal, we select the locally most-stellar-massive LRGs using a criterion that is analogous to that used in Planck Collaboration et al. (2013b) . We reject a given galaxy if a more massive galaxy resides within a tangential distance of < 1 Mpc and within a radial velocity difference of |c∆z| < 1000 km s −1 . Given this selection, we are left with 101,407 of the original 105,811 LRGs, which implies most of the LRGs in Kazin et al. (2010) are likely to be 'central' LRGs. The distributions of redshift and stellar masses of our LRG sample are shown in Fig. 1. 
Planck y map
The Planck tSZ map is one of the datasets provided in the Planck 2015 data release. The map comes in HEALPix 6 (Górski et al. 2005) format with a pixel resolution of N side = 2048. Two types of y maps are publicly available: MILCA (Hurier et al. 2013 ) and NILC (Remazeilles et al. 2013) , both of which are based on multiband combinations of the Planck band maps (Planck Collaboration et al. 2016a ). Our analysis is based on the MILCA map, but we obtain consistent results if we use the NILC map.
The 2015 data release also provides sky masks suitable for analyzing the y maps, including a point-source mask and galactic masks of varying severity: masking 40, 50, 60 or 70% of the sky. We combine the point source mask with the 40% galactic mask, which excludes ∼50% of the sky. The mask is applied during the stacking process: for a given LRG, masked pixels in the y map near that LRG are not accumulated in the stacked image. We accept the 74,681 LRGs for which 80% of the region within a 40 arcmin circle around each LRG is available. We reject the others in case the mask may bias the measured y profile.
Simulations
To compare our results with theory, we analyze the cosmo-OWLS suite of cosmological smoothed particle hydrodynamics (SPH) simulations van Daalen et al. 2014; McCarthy et al. 2014) in the same manner as the data. The cosmo-OWLS suite is an extension of the OverWhelmingly Large Simulations project (Schaye et al. 2010 ) designed with cluster cosmology and largescale structure surveys in mind (see also McCarthy et al. 2017) . The cosmo-OWLS suite consists of box-periodic hydrodynamical simulations, the largest of which have volumes of (400h −1 Mpc) 3 and contain 1024 3 each of baryonic and dark matter particles. The suite employs two different cosmological models: the Planck 2013 cosmology (Planck Collaboration et al. 2014) with Table. 1. NOCOOL is a standard non-radiative adiabatic model that includes hydrodynamical baryons, but does not produce stars. REF is the OWLS reference model including UV/X-ray background, radiative cooling, star formation and supernova feedback. The AGN models are built on the REF model, and that additionally includes black hole growth and feedback from active galactic nuclei. The three AGN models differ only in their choice of the key parameter of the AGN feedback model ∆T heat , which is the temperature by which neighbouring gas is raised due to feedback. Increasing the value of ∆T heat results in more energetic feedback events, and also leads to more bursty feedback, since the black holes must accrete more matter in order to heat neighbouring gas to a higher adiabat. Earlier studies demonstrate that the AGN 8.0 model reproduces a variety of observed gas features in local groups and clusters of galaxies by optical and X-ray data (e.g., Le Brun et al. 2014) .
For each simulation, 10 almost-independent mock galaxy catalogues are generated on 10 light cones and 10 corresponding y maps are generated from periodic boxes of randomly rotated and translated simulation snapshots (redshift slices) along the line-ofsight back to z = 3 . Each of these light cones contain about one million galaxies and each spans a 5 • × 5 • patch of sky. To compare with data, we convolve the simulated y maps with a Gaussian kernel of 10 arcmin in FWHM, corresponding to the beam of the Planck y map.
STACKING Y MAP CENTRED ON LRGs
In this section, we describe our procedure for stacking the Planck y map against the LRGs and for constructing the mean y profile: We place each LRG in our catalogue at the centre of a 2-dimensional angular coordinate system of −40 < ∆l < 40 and −40 < ∆b < 40 divided into 80 × 80 bins. We then linearly interpolate the y map onto our grid. For each LRG we subtract the mean tSZ signal in the annular region between 30 and 40 arcmin as an estimate of the local background signal for that particular LRG. Finally we stack all LRGs and then divide by the total number of LRGs in our sample.
The left panel in Fig. 2 shows the average y map stacked against the 74,681 LRGs. The right panel in Fig. 2 is the average y profile of the LRGs, where width of the blue line represents a 1σ statistical uncertainty of the y profile. The 10 arcmin Gaussian beam, normalized to the central peak of the measured y profile, is shown as a black dashed line for comparison. We find that the average y profile has a central peak of y ∼ 1.8 × 10 −7 and we detect the tSZ emission out to ∼ 30 arcmin, well beyond the 10 arcmin beam of the Planck y map.
COMPARISON WITH HYDRODYNAMIC SIMULATIONS
We next compare the average y profile to simulations. To do so, we analyse 10 light cones from each hydrodynamic model of the cosmo-OWLS suite of simulations ( §3.3) in exactly the same way as we analyse the real data. To identify simulated LRGs, we select simulated central galaxies with the same stellar mass and redshift ranges as in the real data. The average stacked y profile in each stellar mass and redshift bin is then constructed from the simulated light cones. The stacks are then combined, weighted by the total number of LRGs:
whereȳ(θ, M * , z) sim is the average y profile of simulated central galaxies in a stellar mass, M * , and redshift bin, and w(M * , z) LRG is the normalized number of actual LRGs in the same stellar mass and redshift bin. Since the field-of-view of each light cone (25 deg 2 ) is much smaller than the overlapping region of the SDSS and Planck surveys (∼ 8000 deg 2 ), massive central galaxies are scarce in the simulations. Due to this scarcity, we restrict the maximum stellar mass of the LRGs that we take from SDSS in our analysis to 10 11.7 M in order that we have SDSS galaxies that match the stellar mass distribution in the simulations. As a result of removing high-stellar-mass LRGs, the total number of LRGs available to us is reduced to 63,398. This procedure limits us to LRGs with the stellar mass of 10 11.2 ≤ M * /M ≤ 10 11.7 , which roughly corresponds to halo masses 10 13 ≤ M/M ≤ 10 14 as shown in Fig. 4 and later described in §6.1. This is not a great loss, considering that we aim to probe baryonic effects that may be more evident in low-mass group and clusters. The average y profile around 63,398 LRGs is compared to cosmo-OWLS simulations with different AGN feedback models in Fig. 3 , where the gray lines show the average y profiles of the simulations. In the comparison, a clear difference between the data and REF/NOCOOL model can be seen. Note that since the NO-COOL model is a non-radiative model that includes hydrodynamical baryons, but does not produce stars, we use the galaxy positions and stellar masses from the REF model.
In general, energy released from the centre of a halo heats cluster gas, this in turn prevents cooling and thus the star forma- tion around the central region. Therefore, if we consider haloes of the same mass, the stellar mass of the central galaxy is decreased as the power of the central AGN is increased. Since we select central galaxies based on stellar mass, lower-mass haloes are selected in the REF/NOCOOL model compared to the models that include AGN feedback. This is apparent as the lower central peak value of the simulated y profiles in the REF/NOCOOL model compared to the AGN models. We also see a visible trend in that the higher the power of AGN feedback, the lower the peak of y profile. This is due to the fact that the AGN feedback ejects gas from the centre of haloes outward and the overall gas density is lowered. Note that three AGN models have approximately the same galaxy stellar mass function (McCarthy et al. 2017 ), so differences in the stacked y profiles indicate real differences in the pressure distribution of the hot gas.
As a result of our comparison, we can strongly reject the NOCOOL and REF models. This suggests that models without AGN feedback can not account for the y profile around LRGs. Furthermore, while the AGN 8.0 and AGN 8.5 models agree well with data, the AGN 8.7 does not, which constrains the AGN feedback models. A similar result is obtained using the simulations of WMAP7 cosmology. This result is consistent with other studies (e.g., Le Brun et al. 2014 ) that the AGN 8.0 model reproduces a variety of observed gas features in local groups and clusters of galaxies.
MODEL
Estimating halo masses of LRGs
In order to construct the y profile around the LRGs using the halo model with a UPP, we need to estimate the halo masses of the LRG haloes using the stellar mass estimates. We do this using the SHM relation from Planck Collaboration et al. (2013b) (P13-SHM), Coupon et al. (2015) (C15-SHM) and Wang et al. (2016) (W16-SHM). P13-SHM detects the tSZ signal from LBGs with stellar masses as low as 2×10 11 M . Then they extract the underlying tSZ signal-halo mass scaling relation from mock LBG catalogs derived from the semi-analytic galaxy formation simulation of Guo et al. (2011) . The halo masses of the LBGs are assigned using the underlying tSZ signal-halo mass relation by accounting for aperture and miscentering effects. In W16-SHM, the P13-SHM relation is re-calibrated with gravitational lensing measurements from Reyes et al. (2012) . In C15-SHM, the relation is estimated in the CFHTLenS/VIPERS field by combining deep observations from the near-UV to the near-IR, supplemented by ∼ 70 000 secure spectroscopic redshifts, and analyzing galaxy clustering, galaxy-galaxy lensing and the stellar mass function. The three SHM relations are shown in Fig. 4 on top of the measured SHM for individual, simulated central galaxies and their corresponding haloes as seen in the AGN 8.0 simulation: P13-SHM in cyan, C15-SHM in magenta and W16-SHM in yellow. In the stellar mass range of our LRGs, the halo mass estimates from C15-SHM and W16-SHM are con- sistent, however the relation from P13-SHM is high by ∼ 0.1 dex compared to the others.
Prediction with Halo model and UPP
Using the estimated halo masses, we can calculate the average y profile around LRG haloes using the halo model and UPP via the procedure described in §2.2. The model y profiles for three differ- ent halo mass estimates are shown in Fig. 5 as well as the y profile around the LRGs and the one from the AGN 8.0 simulation. Note that in this analysis we use lightcones from the AGN 8.0 simulation with a larger field-of-view of 10 × 10 deg 2 but limited to z < 1. We do this to improve the number of objects as well as background estimates. We choose the AGN 8.0 simulation because it shows the best agreement with the y profile around the LRGs.
The predictions from C15-SHM + UPP (magenta) and W16-SHM + UPP (yellow), with the clustering of haloes via a two-halo term properly accounted for, agree well with the observed y profile around the LRGs. Naively, this is a surprising result, as Le Brun et al. (2015) previously showed that the AGN 8.0 simulation predicts a pressure distribution that differs significantly from the UPP at these mass scales. Yet, the AGN 8.0 model also reproduces our observed stacked profile quite well.
This apparent discrepancy can be resolved by considering the important impact of finite resolution. In particular, the Planck tSZ maps has a FWHM of 10 arcmin. By comparison, the mean angular diameter, θ 500 , of the LRGs is 3.2 arcmin. Beam smoothing therefore prevents us from placing strong constraints on the tSZ distribution on the scales where the UPP and the simulations differ significantly. Stacked profiles derived from higher-resolution tSZ maps (such as those from ACT or SPT, which have FWHM of order an arcminute) would be very helpful in this regard.
Interestingly, a comparison of the contributions of the onehalo and two-halo terms in Fig. 5 demonstrates that the two-halo term dominates on scales larger than ∼ 6 arcmin (see also Hill et al. 2018) . Given the angular diameter of θ 500 noted above (note that θ 200 ≈ 5 arcmin), we find that the two-halo term begins to dominate over the one-halo term at approximately 4r 500 or, roughly, 2 virial radii. This is what is expected if the halo mass estimates of the LRGs are reliable. (blue) is compared to the predictions using a halo model with the halo mass function and halo bias (Tinker et al. 2010) and UPP. The halo masses of the LRGs are estimated using either the SHM relation of P13-SHM (cyan), C15-SHM (magenta) and W16-SHM (yellow). The one-halo and two-halo terms are shown separately for the model prediction using the C15-SHM. The y profile of the simulated central galaxies in the AGN 8.0 simulation is shown in grey. Note that the AGN 8.0 simulation is customized to a larger field of view of 10 • × 10 • [deg 2 ] but a limited redshift of z < 1 in this figure to improve the number of objects as well as background estimates.
FURTHER TEST FOR SYSTEMATICS
The mistaken belief that LRGs always reside at halo centres may affect our results by artificially lowering our measured y profile. We test for this so-called 'miscentreing' effect using the cosmo-OWLS simulations. As described in §3.1, to minimize the fraction of satellite LRGs in our sample, we use a similar criterion to the one used in Planck Collaboration et al. (2013b) : Planck checks the ratio of central galaxies in their sample using simulations and conclude that more than 85% of their LRGs are located at halo centres in any stellar mass range in their sample. Therefore, using the cosmo-OWLS simulations, we artificially shift 15% of simulated central galaxies 1 Mpc away from their original positions. Note that 1 Mpc corresponds to ≈ 3.6 arcmin at the mean redshift of our LRG sample. We find that the effect of doing this on our stacked y profile is only a few percent and therefore minor. This must be due to the coarse angular resolution of the Planck y map.
DISCUSSION
This study was partially motivated by an apparently contradictory result between (Planck Collaboration et al. 2013b, P13) and (Anderson et al. 2015, A15) on the state of hot gas in galaxy group/clusters through scaling relations. A self-similar scaling relation between halo electron pressure and halo mass is valid under the assumption that the galaxy-formation process is dominated by gravity; any deviation from this relation points to the presence of more complex processes such as baryonic feedback effects. Using the Locally Brightest Galaxies (LBGs) in SDSS DR7, P13 find a self-similar scaling relation in Y -M h , therefore implying that gravity is dominant even in low-mass haloes and that they incorporate the mean cosmic fraction of baryons as seen in more mas-sive haloes. On the other hand, A15 finds a steeper scaling than the self-similar scaling relation in L X -M h , suggesting the importance of non-gravitational heating such as AGN feedback. Numerous X-ray studies of galaxy groups also find a deficit of baryons inside low-mass haloes compared to the cosmological mean (e.g., Gastaldello et al. 2007; Pratt et al. 2009; Sun et al. 2009; Gonzalez et al. 2013 ). These results can be reconciled by the idea that low-mass haloes may contain the cosmic fraction of baryons, just like galaxy clusters, but with a density profile of gas that is less centrally concentrated. In other words, that groups and clusters do reach the same cosmic fraction but only on scales larger than typically probed with X-ray observations (but which can be probed by the tSZ effect). Le Brun et al. (2015) tested the Planck result using the cosmo-OWLS simulations and showed that the tSZ flux within R 500 is highly sensitive to the assumed pressure distribution of the gas and, given the pressure profiles from the AGN 8.0 model, showed that the self-similar model would not be valid in low-mass haloes, at least on small scales.
We find that the measured y profile around LRGs agrees well with the profile measured from the AGN 8.0 simulation, but not when compared to simulations without AGN feedback. We also demonstrate that the measured y profile around LRGs agree with the predictions using the UPP given the SHM relation from C15-SHM (Coupon et al. 2015) or W16-SHM (Wang et al. 2016) , estimated by gravitational lensing measurements. This implies that the UPP, estimated for galaxy clusters in the mass range of 10 14 − 10 15 M , can also be applied to low-mass systems down to 10 13 −10 14 M . However, the AGN 8.0 simulation predicts lower and more extended pressure profiles around low-mass haloes than the UPP. This apparent difference can be explained by the coarse angular resolution of the Planck y map (the UPP and AGN 8.0 pressure distributions only differ significantly on scales of r < ∼ r 500 , which are well within the beam). In addition, we need to take into account that uncertainties in the halo mass estimates for the LRGs from the SHM relations increase the amplitude of model y profile around the LRGs for haloes with higher masses. We remind the reader that the SHM relation is affected also by AGN feedback at the 10 percent level. The difference in the amplitude for y profile between the REF and AGN 8.0 models in Fig. 3 is mostly due to differences in the SHM relation between simulations with and without AGN feedback.
For model predictions, a degeneracy between pressure profiles and SHM relations remains. Due to this degeneracy, it is hard to make a definitive statement about pressure profiles in low-mass haloes or about deviations from a self-similar relation that may be due to non-gravitational heating such as AGN feedback.
CONCLUSION
In this paper we have presented a stacking analysis of the y signal measured by Planck around SDSS DR7 LRGs, which are considered to be mostly central galaxies in dark matter haloes. We construct the average y profile centred on the LRGs and study the thermodynamic state of the gas in groups and low-mass clusters. The major results of our analysis are summarized as follows:
• The central tSZ signal is y ∼ 1.8 × 10 −7 and we detect tSZ emission out to ∼ 30 arcmins well beyond the extent of the 10 arcmin beam of the Planck y map.
• We compare the average y profile around LRGs with the predictions from the cosmo-OWLS suite of cosmological hydrodynamical simulations. This comparison agrees well with simulations that include AGN feedback (AGN 8.0 and AGN 8.5), but not with simulations that do not (NOCOOL and REF) or with simulations with very violet AGN feedback (AGN 8.7). This result suggests that an additional heating mechanism is required over and above SNe feedback and star formation to account for the y profile around the LRGs. This is consistent with other studies showing that the AGN 8.0 model reproduces a variety of observed gas features in optical and X-ray data (e.g., Le Brun et al. 2014 ).
• The average y profile around the LRGs is also compared with a prediction using the halo model with a UPP. The predicted y profile is consistent with the data, but only if we account for the two-halo clustering term in the model, and if we assume the stellarhalo mass relation from either C15-SHM or W16-SHM, which are estimated using gravitational lensing measurements. This may imply that the UPP, estimated for massive galaxy clusters in the mass range of 10 14 −10 15 M , can be applicable even in low-mass haloes down to 10 13 − 10 14 M , at least on relatively large scales (see Discussion). However, for a definitive statement, a better understanding of the SHM relation, including its scatter, would be needed.
In our analysis, the dominance of the two-halo term in lowmass systems is partially due to the coarse angular resolution of the Planck y map. We emphasize that more precise measurements with a better angular resolution and sensitivity such as ACTPol (Niemack et al. 2010) and SPTpol (Austermann et al. 2012 ) will shed further light on the issue and help to clarify the impact of AGN feedback on the formation and evolution of galaxies.
